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OBJECTIVE

Youth-onset type 2 diabetes is an aggressive condition with increasing incidence.
Adults with type 2 diabetes have increased fracture risk despite normal areal bone
mineral density (aBMD), but the influence of diabetes on the growing skeleton is
unknown. We compared bone health in youth with type 2 diabetes to control
patients with obesity or healthy weight.

RESEARCH DESIGN AND METHODS

Cross-sectional studyofyouth (56%AfricanAmerican,67%female)ages10–23years
with type 2 diabetes (n 5 180), obesity (BMI >95th; n 5 226), or healthy weight
(BMI <85th; n 5 238). Whole-body (less head) aBMD and lean mass as well as
abdominal visceral fat were assessed via DXA. Lean BMI (LBMI) and aBMD SD scores
(z scores) were computed using published reference data.

RESULTS

We observed age-dependent differences in aBMD and LBMI z scores between the
healthy weight, obese, and type 2 diabetes groups. In children, aBMD and LBMI z
scores were greater in the type 2 diabetes group versus the obese group, but in
adolescents and young adults, aBMD and LBMI z scores were lower in the type 2
diabetes group versus the obese group (age interactions P < 0.05). In the type 2
diabetes group and the obese group, aBMDwas about 0.5 SDs lower for a given LBMI z
score compared with healthy weight control patients (P < 0.05). Further, aBMD
was lower in those with greater visceral fat (b 5 20.121, P 5 0.047).

CONCLUSIONS

These results suggest that type 2 diabetes may be detrimental to bone density
around the age of peak bone mass. Given the increased fracture risk in adults with
type 2 diabetes, there is a pressing need for longitudinal studies aimed at under-
standing the influence of diabetes on the growing skeleton.

Type 2 diabetes has historically been considered an adult-onset condition, but it was
increasingly recognized as occurring in children and adolescents in the 1990s (1).
Epidemiological data fromtheSEARCH forDiabetes in Youth (SEARCH) study indicated
that type 2 diabetes incidence in U.S. youth has increased about 5%per year since the
early 2000s (2). Youth-onset type 2 diabetes is an aggressive condition characterized
by insulin resistance and reducedb-cell function, and it is associatedwith accelerated
onset of complications including hypertension, hyperlipidemia, vascular dysfunction,
systemic inflammation, and renal hyperfiltration (3–5). Adults with type 2 diabetes
have increased fracture risk despite having normal or increased areal bone mineral
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density (aBMD) (6,7). Similarly, children
with obesity have normal or increased
aBMD,yetepidemiological studies report
that obese youth are overrepresented in
fracture cases (8). Several studies have
implicated obesity-related metabolic fac-
tors, suchas insulin resistance (9), impaired
glucose tolerance (10), the metabolic
syndrome (11), and prediabetes (12) as
potential detriments to childhood bone
health. Pathogenic fat depots, notably
abdominal visceral fat, have also been
hypothesized to contribute to these find-
ings (11,13). Despite having greater body
size and body weight, mice with early
onset type 2 diabetes display lower
whole-body BMD compared with non-
obese controls without diabetes (14).
However, clinical evidence involving bone
mass and density in youth with type 2
diabetes is lacking.
Skeletal muscle is a strong determi-

nant of bone accrual during childhood,
yet the role of muscle in bone develop-
mentmight be altered in individuals with
excess adiposity and insulin resistance
(15). Additionally,mousemodels suggest
that the influence of type 2 diabetes on
bone acquisition is dependent on age,
with the greatest effect being evident
at later stages of development (14). Sim-
ilar relationships were reported in adults
with type 2 diabetes, wherein individuals
with a longer time since diagnosis ex-
hibited the greatest bone deficits (16).
These observations highlight the impor-
tance of investigating the relationships
between type 2 diabetes and bone out-
comes across critical periods of bone
accrual and peak bone mass attainment,
which is typically achieved around the
age of 20 years (17).
We performed a secondary analysis of

previously acquireddata fromyouthages
10–23 years with type 2 diabetes, obe-
sity, and healthy weight. Our primary ob-
jective was to compare bone mass and
density in youth with type 2 diabetes to
control patients with obesity and healthy
weight. Additional analyses were per-
formed to compare bone and lean mass
z score differences across groups relative
to age and lean mass z scores and to
investigate relationships between abdom-
inal fat depots and bone outcomes.

RESEARCH DESIGN AND METHODS

This was a secondary analysis of pre-
viously acquired data fromAfrican Amer-
ican and non–African American males

and females, ages 10–23 years, with
type 2 diabetes (n 5 180), obesity (n 5
226), andhealthyweight (n5238) (4,18).
Participants were primarily recruited
from the Diabetes Clinic at Cincinnati
Children’s Hospital Medical Center, as
well as from local physician offices, col-
lege campuses, and health fairs in Cin-
cinnati, OH. Females who were pregnant
were excluded from participating in this
study. All data collection was performed
at Cincinnati Children’s Hospital Medical
Center.

Diagnosis of type2 diabeteswas based
on the criteria of the American Diabetes
Association (19). About 8% (n5 15) of the
patients in the type 2 diabetes group
were diagnosed after age 18 years. For
subjects .20 years of age, all anthropo-
metric and bone z scores were calculated
using an age of 20 years. Healthy weight
was defined as BMI-for-age percentile
between the 5th and 85th, and obese
was defined as BMI-for-age percentile
.95th. Subjects with type 2 diabetes
were negative for GAD, islet cell auto-
antigen 512, and insulin autoantibodies.
Individuals in the obese group were de-
termined to not have impaired glucose
tolerance or type 2 diabetes based on an
oral glucose tolerance test. Subjects in
the healthy weight and obese groups
with glycosylated hemoglobin A1c (HbA1c)
.6.5% or fasting glucose .126 mg/dL
were excluded from all analyses. Use of
metformin or insulin was queried via self-
report.

Written informed consent or assent
was obtained from each subject or legal
guardian. The Institutional Review Board
for Human Subjects at Cincinnati Child-
ren’s Hospital Medical Center approved
all study protocols and procedures.

Anthropometric Measurements and
Maturation
Anthropometric measurements were per-
formed while subjects wore light indoor
clothing. Height was measured using a
wall-mounted stadiometer (Veeder-Rood,
Elizabethtown, NC), and weight was mea-
sured using an electronic scale (Health-O-
Meter). SD scores (z scores) for height,
weight, and BMI were calculated using
Centers forDiseaseControl andPrevention
reference data (20). A self-assessment
questionnaire that included pictograms
and written descriptions was used to as-
sess breast (females) or pubic hair (males)
development. Subjects were subsequently

categorized into stages of maturation ac-
cording to the method of Tanner (21).

Plasma Biochemistries
Blood sampleswere collected in themorn-
ing following a 10-h overnight fast. Plasma
glucose and insulin, serum 25(OH)D, and
HbA1c were assessed (4,18,22).

DXA
DXA scans were obtained using a Hologic
QDR 4500A scanner (Hologic, Inc., Bed-
ford, MA) and were analyzed using
Apex software (version 5.5.3). Whole-
body (less head) bone mineral content
(BMC) and aBMD, lean mass, and ab-
dominal visceral (cm2) and subcutaneous
(cm2) fat area were assessed. Lean BMI
(LBMI) was calculated as lean mass (kg)/
height (m)2. The z scores for BMC, aBMD
(23), and LBMI (24) were calculated
using previously published reference
data. Since whole-body BMC and aBMD
are confounded by stature, bone z scores
were subsequently adjusted for height
z score (25).

Dietary Intake
Dietary intake was assessed using 3-day
records, which were analyzed using the
Nutrition Data System for Research. Var-
iables of interest included3-day averages
for total energy (kcal/day) and calcium
(mg/day).

Statistical Analysis
All variables were evaluated for outliers
and implausible data points. Between-
group comparisons were performed us-
ing ANOVA or Kruskal-Wallis/Dunn tests
with Bonferroni post hoc adjustment.
Categorical variables were compared
across groups using Pearson x2 tests.
Time since type 2 diabetes diagnosis
(square root) and 25(OH)D (log) were
transformed to follow an approximately
normal distribution. The bivariate asso-
ciation between time since diagnosis
and age was assessed using Pearson
correlation.

Linear regression was used to assess
differences in anthropometric, LBMI, and
bone z scores between type 2 diabetes,
obese, and healthy weight groups rela-
tive to age. For these analyses, main
effects for group (categorical variable)
and age (continuous variable), and age
by group interactions were included as
model parameters. Similar analyses as-
sessed group differences in bone z scores
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relative to LBMI z scores. For these anal-
yses, main effects for group and LBMI z
score (continuous variable), and LBMI z
score by group interactions were in-
cluded asmodel parameters. Thehealthy
weight group was used as the reference
for each of these analyses, and the
“lincom” command in STATAwas used to
compare coefficients between the pa-
tients in the obese and type 2 diabetes
groups. To assist in interpreting these
results, regression models were subse-
quently used to calculate predicted z
scores for a given age using theminimum
and maximum age within each group,
which was 10.1 and 24.0, respectively, for
the healthy weight group; 10.4 and 23.9,
respectively, for the obese group; and
10.2 and 23.8, respectively, for the type 2
diabetes group. Similarly, predictedbone
z scores for a given LBMI z score were
calculated using LBMI values of 20.15
and 1.05, which represent the range
within which LBMI z scores overlapped
for the three groups. Several sensitivity
analyses were performed: 1) sex, an-
cestry, maturation, and 25(OH)D were
included as covariates in all regression
analyses; 2) three-way interactions be-
tween group, age, and sex were inves-
tigatedwith respect to bone/LBMI z scores;
and 3) individuals in the type 2 diabetes
group with a BMI less than the 95th
percentile were excluded from all re-
gression analyses. Unless otherwise in-
dicated, results of the sensitivity analyses
were consistent with the models pre-
sented. The three-way interaction be-
tween group, age, and sex were not
statistically significant and are not pre-
sented below.
Relationships between abdominal vis-

ceral and subcutaneous fat and bone
outcomes were assessed using multiple
linear regression. These adiposity mea-
sures covaried strongly with weight sta-
tus, so the healthy weight group was
analyzed separately from the obese and
type 2 diabetes groups to permit de-
tection of potential effects of different
adipose depots on bone outcomes. These
models included visceral and subcutane-
ous fat, ancestry, sex, and age as model
parameters. Additional analyses included
25(OH)D. For regression analyses, collin-
earity and normality of regression residuals
were inspected. All statistical analyses were
performed using STATA (version 15.1) and
RStudio (version 1.1.463). P values ,0.05
were considered statistically significant.

RESULTS

Sample Description
Sample characteristics are displayed in
Table 1. Across the three groups, there
were significant differences in ancestry,
maturation stage, weight, BMI, BMC,
aBMD, LBMI, visceral fat, subcutaneous
fat, HbA1c, insulin, and glucose (all P ,
0.05). BMC and aBMD z scores were
greater in the type 2 diabetes and obese
groups versus the healthy weight group
(all P , 0.001), but they were similar
between the type 2 diabetes and obese
groups. Weight, BMI, and LBMI z scores,
visceral and subcutaneous fat, HbA1c,
insulin, and glucose were greater in the
type 2 diabetes and obese groups versus
the healthy weight group (all P , 0.05).
Visceral fat, HbA1c, and glucose were
greater in the type 2 diabetes group
versus the obese group (both P, 0.05).
Youth with healthy weight reported greater
calcium and energy intake and had
greater 25(OH)D compared with the
youth in the obese and type 2 diabetes
groups (all P , 0.001). In the type 2
diabetes group, about 62% of patients
reported using metformin and about
51% reported using insulin.

In the type 2 diabetes group, age at
diagnosis ranged from 6.4 to 20.5 and
time since diagnosis ranged from 0.1 to
12.3 years. The amount of time since
diagnosis correlated positively with age
(r 5 0.62, P , 0.001).

Differences in Height and LBMI z Scores
According to Age
Linear regression analyses investigating
age-related trends in height and LBMI z
scores are presented in Supplementary
Table 1, and visual representations of
these relationships are displayed in Fig.
1A and B, respectively. For height z score,
there was a significant age by group in-
teraction (P , 0.05), meaning that at
younger ages, the patients in the type 2
diabetes and obese groups were taller-
for-age compared with those in the
healthy weight group, but differences in
stature were not evident in adolescents
and young adults. At age 10 years, pre-
dicted height z scores in the healthy
weight, obese, and type2diabetes groups
were 0.19, 0.75, and 0.95, respectively,
but at age 24 years, the values were
0.11, 20.23, and 20.05, respectively.
Across the age range, the LBMI z score
was greater in the obese and type 2 dia-
betes groups versus the healthy weight

group, but there was a significant age by
group interaction (P, 0.05). The LBMI z
score was consistent across the age range
in the obese and healthy weight groups,
but the type 2 diabetes group showed an
age-related decline in LBMI z score. To
illustrate, at age 10 years, predicted LBMI
z scores in the healthy weight, obese,
and type 2 diabetes groups were20.38,
1.65, and 2.10, respectively, but at age
24 years, the scores were 20.25, 1.76,
and 1.10, respectively. Similar age-related
differences between groups were ob-
served for weight and BMI z scores
(Supplementary Table 1). When includ-
ing vitamin D in the model for height z
score, the age by group interactions for
theobese (P50.080)and type2diabetes
(P 5 0.137) groups were attenuated.

Differences in Bone z Scores According
to Age
Linear regression analyses investigating
age-related trends in BMC and aBMD z
scores are presented in Supplementary
Table 2, and visual representations of
these relationships are displayed in Fig.
1C and D, respectively. Across the age
range, bone z scores were greater in the
type 2 diabetes and obese groups versus
thehealthyweight group,but therewasa
significant age by group interaction (P,
0.05). The bone z scores were consistent
across the age range in the obese and
healthy weight groups, but the type 2
diabetes group showed an age-related
decline in bone z scores. To illustrate,
at age 10 years, the predicted aBMD z
scores for the healthy weight, obese, and
type 2 diabetes groups were 0.36, 0.78,
and 1.30, respectively, but at age 24
years, the scores were 0.57, 0.94, and
0.57, respectively. When including vita-
min D as an additional model parameter,
the age by group interaction for BMC z
score remained significant (P 5 0.006),
but the aBMD z score was not (P 5
0.157).

Relationships Between LBMI and Bone
z Scores
Linear regression analyses investigating
relationships between LBMI and bone z
scores are presented in Supplementary
Table3, and theyare visually represented
in Fig. 2. The LBMI z score was positively
associated with BMC and aBMD z scores
(both P , 0.001). However, for a given
LBMI z score, BMC and aBMD z scores
were lower in the type 2 diabetes and
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obese groups versus the healthy weight
group (all P , 0.05). For instance, at an
LBMI z score of20.15, predicted aBMD z
scores for the healthyweight, obese, and
type2diabetes groupswere 0.57,20.11,
and 0.17, respectively, and at a LBMI z
score of 1.05, aBMD z scores were 1.33,
0.52, and 0.68, respectively. There were
no differences in bone z scores between
the type 2 diabetes and obese groups
relative to LBMI z score.

Relationships Between Abdominal Fat
and Bone z Scores
Among the obese and type 2 diabetes
groups, themultivariate regressionmod-
els including age, ancestry, and sex
showed that subcutaneous fat was pos-
itively associated with BMC z scores but
that visceral fat was negatively associ-
atedwith BMC and aBMD z scores (all P,
0.05) (Table 2). In additional analyses that

included vitamin D, serum 25(OH)D was
positively associated with z scores for
BMC (b 5 0.131, P 5 0.045) and aBMD
(b 5 0.146, P 5 0.032), and subcutane-
ous fatwas positively associatedwith the
BMC z score (b 5 0.230, P 5 0.001).
However, the inverse relationship between
visceral fat and aBMDwas attenuated (P5
0.159). Visceral and subcutaneous fat were
not significantly associated with bone z
scores in the healthyweight group alone.

CONCLUSIONS

This is the first study to report on bone
health in youth with type 2 diabetes. We
observed age-dependent differences in
skeletal measures between individuals
with type 2 diabetes and obesity that
suggest an adverse influence of diabetes
on aBMD during the critical window of
peak bone mass attainment. Specifically,
aBMD and LBMI z scores were higher

among children in the type 2 diabetes
versus the obese group, but they were
lower among adolescents and young
adults in the type2diabetes group versus
theobese group. Inotherwords,with the
transition to young adulthood, bone
accretion in youth with type 2 diabetes
may fail to keep pace with that of their
peers of similar weight and body com-
position. LBMI is a known positive pre-
dictor of BMC and aBMD outcomes, but
both the type 2 diabetes and obese
groups had significantly lower aBMD z
scores for a givenLBMI z score compared
with healthy weight control patients.
Moreover, visceral fat was negatively
associated with bone mass and density,
highlighting a potential adverse influ-
ence of pathogenic fat depots on bone
development.

Type 2 diabetes has historically been
considered an adult-onset condition, and

Table 1—Sample characteristics

Healthy weight (n 5 238) Obese (n 5 226) Type 2 diabetes (n 5 180) P value1

Demographics
Age (years) 17.72 6 3.54 18.07 6 3.20 17.88 6 3.15 0.535
Age at diagnosis (years) 14.7 (12.2–16.4)
Time since diagnosis (years) 3.2 (0.9–5.2)
Ancestry (% African American)2 51.3 66.4 50.0 0.001
Sex (% female)2 63.9 71.7 65.6 0.176

Maturation stage, n (%)2* ,0.001
Stage 1 7 (3.0) 0 (0.0) 1 (0.6)
Stage 2 8 (3.4) 1 (0.5) 3 (1.7)
Stage 3 31 (13.1) 21 (9.4) 16 (9.0)
Stage 4 74 (31.2) 34 (15.3) 52 (29.2)
Stage 5 117 (49.4) 167 (74.9) 106 (59.6)

Anthropometrics
Height (z score) 0.14 6 1.00 0.20 6 1.11 0.39 6 1.15 0.068
Weight (z score)3 0.14 (20.30 to 0.64) 2.33 (2.01–2.64)a 2.26 (1.78–2.70)a ,0.001
BMI (z score)3 0.13 (20.44 to 0.53) 2.47 (1.81–3.18)a 2.38 (1.59–3.18)a ,0.001

DXA
BMC (z score)3 0.22 (20.38 to 0.61) 1.08 (0.54–1.61)a 1.01 (0.45–1.55)a ,0.001
aBMD (z score) 0.47 6 0.87 0.87 6 0.93a 0.88 6 1.02a ,0.001
LBMI (z score) 20.29 (20.79 to 0.15) 1.70 (1.32–2.09)a 1.62 (0.97–2.15)a ,0.001
Visceral fat (cm2)3 32.6 (23.4–42.5) 97.1 (77.6–122.8)a 112.5 (81.8–153.8)ab ,0.001
Subcutaneous fat (cm2)3 159.7 (84.7–213.4) 565.7 (454.9–681.4)a 533.3 (427.5–653.7)a ,0.001

Dietary intake
Calcium (mg/day) 928.0 6 455.1 762.7 6 403.4a 801.3 6 419.1a ,0.001
Calories (kcal/day) 2,183 6 836 2,029 6 747a 1,962 6 736a ,0.001

Biochemistries
HbA1c (%)

3 5.3 (5.1–5.5) 5.5 (5.2–5.7)a 6.9 (5.8–10.0)ab ,0.001
Insulin (mIU/L)3 10.0 (8.3–13.2) 18.2 (13.7–26.8)a 20.6 (13.6–32.7)a ,0.001
Glucose (mg/dL)3 89.1 (85.1–93.3) 91.3 (87.3–95.9)a 116.8 (92.8–199.6)ab ,0.001
25(OH)D (ng/mL) 20.3 (13.9–26.7) 12.4 (8.7–17.6)a 13.0 (8.5–18.7)a ,0.001

Medication use (% reported using)
Metformin 62.2%
Insulin 51.2%

Valuesaremean6SDormedian (interquartile range),unlessotherwisenoted. 1Testsof significanceperformedusingANOVAwithaBonferroniposthoc
adjustment. 2Test of significance performed using x2 test. 3Test of significance performed using Kruskal-Wallis/Dunn test. aSignificantly different than
healthy weight group (P, 0.05). bSignificantly different than obese group (P, 0.05). *n5 237 for healthy weight, n5 223 for obese, and n5 178 for
type 2 diabetes.
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studies focusing on bone outcomes have
been confined to adults. The lack of pe-
diatric studies is concerning due to the
increasing incidence of youth-onset type
2 diabetes, the accelerated rate of dis-
ease progression and development of
comorbidities, and the use of therapies
such as exogenous insulin that have been
linked to increased fracture risk in adults
(26). Importantly, childhood is a critical
period of bone accrual, with peak bone
mass being achieved around the age of
20 years (2,3,17). In adults, individuals
with type 2 diabetes had comparable
BMD to control patients without diabe-
teswith a similarBMI (6,7,27). The simple
between-group comparisons in our study
generally agree with these adult obser-
vations since average bone z scores were
similar between those with type 2 di-
abetes and obesity. The z scores account
for expected age trends associated with
growth andmaturation. Unless perturbed
by adverse health or environmental cir-
cumstances, z score values should be

stable across childhood, as demonstrated
in our healthy weight and obese groups.
The decline in bone z scores relative to age
in the type 2 diabetes group suggests a
potentially adverse influence of type 2
diabetes on bone health irrespective of
obesity. For example, at 10 and 24 years of
age, predicted aBMD z scores in the obese
group were 0.8 and 0.9, respectively, but
in the type 2 diabetes group, predicted
aBMD z scores were 1.3 and 0.6, respec-
tively. This finding is particularly concern-
ing as it suggests that type 2 diabetesmay
compromise peak bone mass attainment
(17). Thiswas a cross-sectional study, so it
is unclear whether bone z scores indeed
decrease throughout childhood and ad-
olescence in youth with type 2 diabetes.
Prospective studies are needed to further
delineate the role of obesity and type 2
diabetes on peak bone mass acquisition
during critical periods of growth.

Our observed age-related trends in
bone z scores are unlikely attributable to
bone loss since this is a relatively rare

phenomenon in childhood. Rather, this
may be due to lesser gains in bone ac-
cretion, which was observed in a mouse
model of early onset type2diabetes (14).
Sexual maturation and stature likely also
contributed, at least in part, to these
differences. Obese and type 2 diabetes
groups were taller than the healthy
weight individuals until the later teenage
years, consistent with earlier puberty and
peak height velocity associated with obe-
sity (28,29). For these reasons, height-
adjusted bone z scores are reported in
this study. Nevertheless, considering the
close link between stature and bone
mass during childhood, earlier matura-
tion and taller stature could contribute to
the increased bone mass in type 2 di-
abetes and obesity at younger versus
older ages when cessation of rapid lon-
gitudinal growth in normally maturing
youth is achieved (30).

Youth-onset type 2 diabetes is char-
acterized by rapid declines in pancreatic
b-cell function and insulin resistance (3).

Figure 1—Age-dependent differences in height (A), LBMI (B), BMC (C), and aBMD (D) z scores in youth with healthy weight (green triangles and green
line), obesity (blue circles andblue line), and type2diabetes (red squares and red line). Regression lines are basedonpredicted values and are displayed
for each group. LBMI is calculated as lean body mass (kg; assessed via DXA) divided by height (cm) squared.

2548 BMD in Youth-Onset Type 2 Diabetes Diabetes Care Volume 43, October 2020



Since insulin is a bone-anabolic hormone
(31), manifestations in insulin secretion
and insulin action could contribute to
type2diabetes–relatedalterations inbone
metabolism. Lower concentrationsofbone
formation markers have been reported in
children with prediabetes (12) and in a
murine model of early onset type 2 di-
abetes (14). Perhaps the age-related dif-
ferences involve the duration of type 2
diabetes (Supplementary Fig. 1) and, thus,
longer exposure to diabetes-related dis-
turbances, nutritional inadequacies, phys-
ical inactivity, and pharmacologic or
behavioral interventions and their ef-
fects on bone and body composition.
Other cross-sectional studies have re-
ported that the duration of type 2 di-
abetes might contribute to bone health
deficits in adults (16), but this hypoth-
esis necessitates rigorous longitudinal
tracking in youth. In adults, disease-specific
risk factors for fracture include diabetes
duration .5 years, medications (e.g., in-
sulin and glitazones), HbA1c .7%, and
microvascular complications (e.g., neu-
ropathy, retinopathy, and nephropathy)
(32). Given these adult risk factors, youth
with type 2 diabetes may be particularly
vulnerable to skeletal deficits and frac-
ture due to the more rapid onset of
diabetes-related complications in youth
compared with adulthood (33).
Bone tissue is responsive to loading

resulting from excess body weight and
skeletal muscle. On average, LBMI, a mea-
sure of skeletal muscle, was greater in the
type 2 diabetes and obese groups versus

the healthy weight group, and it was
strongly and positively associated with
bone z scores. However, we observed a
unique age-related trend in LBMI z score
in the type 2 diabetes group, which
mirrors the bone mass and density find-
ings discussed above. To illustrate, the
predicted LBMI z score was about 0.45
SDs greater among children in the type 2
diabetes group versus the obese group
but about 0.66 SDs lower in adolescents
and young adults in the type 2 diabetes
groupversus theobesegroup.Moreover,
there was evidence of a potentially com-
promised muscle-bone relationship in
youth with obesity and type 2 diabetes.
On average, aBMD for a given LBMI z
score was about 0.5 SDs lower in the
obese and type 2 diabetes groups versus
the healthy weight control patients. This
may reflect the inability of bone accrual
to meet the needs to support greater
body size and mechanical strain in the
setting of excess adiposity. Consequently,
these individuals might not have suffi-
cient BMD and strength to withstand the
excess loads that accompanya fall, thereby
being vulnerable to fracture.

Abdominal visceral fat has been im-
plicated in type 2 diabetes (34) and has
been hypothesized to adversely influ-
ence BMD and geometry in childhood
(11,13). In our study, visceral fat was
greater in the type 2 diabetes group
versus the healthy weight and obese
groups, and it was negatively associated
with BMC and aBMD. In contrast, sub-
cutaneous fat was positively associated

with BMC. Others have reported similar
results involving the relationships be-
tween abdominal visceral fat versus
subcutaneous fat with bone outcomes
(11,13,35). For instance, in otherwise
healthy females ages 15–25 years (mean
BMI 24.26 4.3 kg/m2), Gilsanz et al. (35)
reported negative and positive relation-
ships between abdominal visceral and
subcutaneous fat, respectively, with fem-
oral bone geometry and estimated bone
strength. Interestingly, neither visceral
nor subcutaneous fat were associated
with boneoutcomes in thosewithhealthy
weight in the current study, potentially
due to the small variability in abdominal
fat. Further, the divergent relationships
between specific abdominal fat stores and
bone likely reflect differences in metabolic
activity between visceral and subcutane-
ous fat (34,36). Insulin resistance has
been identified as an intermediary in
the link between increased abdominal
fat and lower BMD in children (37), but
the role of specific fat depots in bone
metabolism requires further attention.

Diet and physical activity are key con-
tributors to obesity and type 2 diabetes,
and they play an important role in peak
bonemass attainment (17).Weobserved
differences in bone-related nutrients and
physical activity that are suggestive of a
potential contribution of these factors
in our reported findings. Calcium is the
main mineral constituent of skeletal tis-
sue, and youth with obesity and type 2
diabetes had lower self-reported calcium
intakes compared with healthy weight

Figure 2—BMC (A) and aBMD (B) z scores relative to LBMI z score in youthwith healthyweight (green triangles and green line), obesity (blue circles and
blue line), and type 2 diabetes (red squares and red line). Regression lines are based on predicted values and are displayed for each group. LBMI is
calculated as lean body mass (kg; assessed via DXA) divided by height (cm) squared.
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peers. Vitamin D plays an active role in
intestinal calcium absorption (38), and as
reported in our study, individuals with
excess adiposity are at increased risk for
vitamin D deficiency (39). After account-
ing for 25(OH)D, thenegative age-related
trend in aBMD z scores in youth with
type 2 diabetes was attenuated, and
increased visceral fat was no longer
associated with lower aBMD z scores,
suggesting that dietary factors includ-
ing calcium, vitamin D, and others might
contribute to these relationships. More-
over, dynamic loading resulting from
high-impact physical activity and muscle
contraction promote bone mineraliza-
tion and bone strength improvements,
specifically in the setting of appropriate
calcium intake (40). An earlier study from
this cohort reported lower physical ac-
tivity levels among the obese and type
2 diabetes groups compared with the
healthy weight peers (41). Accordingly,
poor diet and physical inactivity might
independently and synergistically influ-
ence bone health in youth with obesity
and related health conditions. Since the
direct contributions of diet and physical
activity on aBMDwere beyond the scope
of the current study, additional work is
required to understand these relationships.
The large sample size and inclusion of

both healthy weight and obese groups
with normal glucose control were key
strengths of this study. The between-
group comparisons that did not account
for age were suggestive of similar bone
mass and density between the type 2
diabetes and obese groups. However, we
identified significant age interactions that
implicate type 2 diabetes as a potential
detriment to bonedensity around the age
of peak bone mass. Subsequent analyses

showed that vitamin D status contrib-
uted to these age-related trends, but it
is possible that other unidentified con-
founders were also involved in these
relationships. Nevertheless, our results
underscore the importance of testing
for age and maturation effects in future
studies to fully understand the effects
of type 2 diabetes on the developing
skeleton. There are currently no clinical
guidelines for bone assessment specific
to youthwith obesity or type 2 diabetes.
Regardless of clinical population, it is
important to follow the pediatric posi-
tions set forth by the International So-
ciety for Clinical Densitometry, which
recommend analyzing the whole-body
(less head) DXA scans for bone health
assessment in children and adolescents
(42). Height-adjustmentof bone z scores
is also recommended to account for
stature-related confounding and helps
account for maturation, supporting the
use of this approach in children with
taller stature and earliermaturation, such
as those with obesity (43).

Although the whole-body region is
recommended for pediatric DXA exams
(44), BMD from DXA might not be sen-
sitive to themyriad effects of diabetes on
bone (27), thereby limiting our ability to
observe differences between youth with
obesity compared with those with type
2 diabetes. The majority of the human
skeleton is comprised of cortical bone, so
it is unknown how youth-onset type 2
diabetes relates to BMC and aBMD at
skeletal sites that are rich in trabecular
bone (e.g., the lumbar spine). Moreover,
DXA is unable to assess bone microarch-
itecture, which entails characteristics of
bone strength that are suspected to
contribute to fracture etiology in adult

type 2 diabetes (45). Yu et al. (27) re-
ported inferior bone microarchitecture
in African American women with type 2
diabetes versus control patients without
diabetes despite having similar bone
BMD via DXA. These findings highlight
the importance of incorporating mea-
sures of bone microarchitecture into fu-
ture studies to maximize statistical power
and to understand the cumulative influ-
ence of type 2 diabetes on the growing
skeleton. The cross-sectional study design
was also a limitation of this study, as we
cannot draw causal conclusions from our
results. Additionally, because of the po-
tential bias associated with self-reported
maturation stage, these results should be
interpreted with caution (46). Neverthe-
less, the taller stature in children with
obesity and type 2 diabetes that was
attenuated in adolescents is consistent
with obesity-associated earlier matura-
tion and peak height velocity (28,29).
Moreover, youth-onset type 2diabetes is
associated with excess adiposity, but it is
not exclusive to individuals with obesity.
About 85% of U.S. youth with type 2
diabetes were reported to have obesity
(47) compared with about 89% in the
current study. Since this variability in BMI
can complicate the interpretation of our
findings,weperformed sensitivity analyses
excluding individuals with type 2 diabetes
whowere not obese. Overall, these results
didnotappreciablydiffer fromthoseofour
main analyses. Finally, data on socioeco-
nomic status were not available, which
limits the generalizability of our findings.

In conclusion, results from this study
suggest that type2diabetes in youthmay
haveadetrimental effectonboneaccrual
during the critical window of peak bone
mass attainment irrespective of obesity
status. Despite skeletal muscle being a
keydeterminantof childhoodbonemass,
we observed a disconnect in the muscle-
bone relationship in the obese and type 2
diabetes groups. Visceral fat has been
implicated in type 2 diabetes progres-
sion, and those with increased abdominal
visceral fat tended to have lower BMD.
Prospective studies are needed to further
understand the effects of type 2 diabetes
on bone accrual during critical periods of
growth as these discrepancies may have
lasting effects on risk of fragility fractures
later in life. Additionally, it is critical that
subsequent studies evaluate charac-
teristics of bone microarchitecture and
strength since fracture etiology in type 2

Table 2—Relationships of abdominal visceral and subcutaneous fat with bone z
scores in the obese and type 2 diabetes groups combined

b P value R2

BMC (z score) 0.11
African American ancestry 20.052 0.336
Age (years) 20.187 ,0.001
Female sex 0.137 0.008
Subcutaneous fat (cm2) 0.227 ,0.001
Visceral fat (cm2) 20.121 0.047

aBMD (z score) 0.05
African American ancestry 20.118 0.034
Age (years) 20.048 0.329
Female sex 0.163 0.002
Subcutaneous fat (cm2) 0.092 0.140
Visceral fat (cm2) 20.138 0.028

b, standardized regression coefficient.
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diabetes likely involves skeletal features
that cannot be assessed through stan-
dard clinical methods (45).
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